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Sunnmar/ A better insight into the mechanisms regulating the human body can lead to improved know^ledge of the 

patho-physiological processes of many diseases. New therapeutic possibiHties can be devised at the level 
of these regulatory mechanisms. Somatostatin is one of the major regulatory hormones in the central 
nervous system (CNS) and digestive system. Its wide variety of activities means it is implicated in a broad 
range of conditions. One symptom common to both the acute and chronic stages of schistosomiasis is 
intestinal pathology characterized by abdominal pain, diarrhoea that is bloody in more chronic stages, 
nausea and fever. Some chronic patients develop severe hepatosplenic fibrosis, leading to fatal 
oesophageal variceal bleeding. In this review we assess the therapeutic potential of somatostatin in 
the treatment of intestinal pathology associated with schistosomiasis. The activity of somatostatin is 
mediated via binding to specific cell surface receptors. While we are making progress in studies of the 
expression and regulation of the different somatostatin receptors, the true role and distribution of each 
receptor subtype is far from fully understood. Animal models will help to define the specific role of 
individual receptors in physiological and pathological conditions. The regulation of receptor expression 
as well as receptor internalization can give us insight into the effect of exogenous somatostatin on 
schistosomiasis-mediated intestinal pathology, as well as its modulation by intrinsically produced 
somatostatin levels. 
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Somatostatin 

Pharmacology 

As early as 1968, Kruhlich et al. postulated that the release 
of growth hormone (GH) by the anterior lobe of the 
pituitary gland is regulated by two opposing neurohor- 
mones, one that stimulates the release of GH (the growth 
hormone releasing factor or GRF), and another that 
inhibits it (KruhHch et al, 1968). The inhibiting neuro- 
hormone was isolated in 1972 from sheep hypothalamus 
by Guillemin. The substance, a cyclic tetradecapeptide, was 
named somatostatin. A second native molecular form, 
somatostatin-28, was reported in 1980 (Pradyrol et al. 
1980). Somatostatin-28 contains the amino acid sequence 
of somatostatin- 14 with the extension of 14 amino acid 



residues at the N-terminal end. Pharmacological studies in 
humans have revealed the following characteristics. 

Somatostatin is a natural and ubiquitous neurohormone, 
secreted by the central nervous system (CNS), the salivary 
glands, the stomach, the pancreas, the intestine and the 
urinary tract (Bloom & Polak 1987). From a quantitative 
and pharmacological point of view, the two major sites of 
secretion appear to be the CNS and the digestive tract 
(Reichhn 1983a,b; Polak & Bloom 1986). In the intestinal 
nervous system, duodenum and the pancreas, somato- 
statin-14 is the predominant molecular form, whereas the 
endocrine-type D cells of the intestine and the body of the 
stomach primarily contain somatostatin-28 (Green et al. 
1989). Somatostatin exerts very specific activity depending 
upon its location. Its pharmacological specificity has led 
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researchers and clinicians to develop somatostatin in well- 
defined indications (Holt & McGregor 1996). The targets 
of somatostatin at various sites in the body depend on the 
presence and density of specific receptors (Patel 1999), 
Pharmacokinetic studies in animals and humans show its 
half-life to be about 2 min (Ho et al. 1986). Upon infusion 
into humans, a plateau level is reached within 15 min. 
Plateau levels depend upon the rate of infusion and vary 
between 300 and 3000 pg/ml at the usual therapeutic rate 
of 250 |ig/h. The metaboUc clearance rate is about 
2000 ml/min. Plasma levels decrease rapidly on cessation 
of infusion. Chronic liver disease does not appear to 
modify this metabolic clearance of somatostatin. 

Acute jrpjdcity studies in anim a Is sho w somatostatin^ to 
rbe very safe.- Its LD50 in mice is about 10 000 times the 
acute therapeutic dose in humans. Chronic administration 
shows no particular untoward effect of somatostatin 
(D'Amico et al 1995). 

Mode of action 

The degree of activity of somatostatin depends upon the 
concentration and affinity of specific receptors. High- 
affinity binding sites were identified in the CNS and 
digestive tract. The density and affinity of the receptors 
diminish along the gastrointestinal (GI) tract. In the lower 
intestine, the activity of somatostatin is virtually unde- 
tectable. Somatostatin is thought to act by the following 
means (Patel 1999): via activation of the G protein- 
dependent inhibitory subunit of adenylate cyclase; via 
activation of tyrosine phosphatases, or by reducing the 
influx of calcium into the cells. 

Somatostatin in the human digestive system 

In the digestive tract, somatostatin is variably distributed 
along the GI tract, and is secreted by the D cells of the gastro- 
entero-pancreatic (GEP) endocrine system (Bordi et al. 
1996). These secretions are concentrated in the pancreas, 
gastric fundus and antrum, and the upper part of the small 
intestine. In the digestive tract, somatostatin acts either as a 
local paracrine or as a distant endocrine hormone. 

Natural somatostatin inhibits a wide variety of physio- 
logic regulatory functions in the GI tract, as well as in the 
pancreatic exocrine and endocrine secretions (Reichlin 
1983a,b). Somatostatin is viewed as potentially useful in 
patients with a number of GI and pancreatic diseases. It 
prolongs the GI transit time, decreases endogenous fluid 
secretion in the jejunum, and stimulates intestinal absorp- 
tion of water and electrolytes. 

In pharmacological application, its inhibitory activity 
particularly affects biliary, pancreatic and GI secretions 



(Marteu et al. 1989; Anderson et al 1996), splanchnic 
blood flow, and gastric motility. Somatostatin inhibits 
gastric acid secretion in a dose-dependent manner (Arnold 
et al. 1975). In normal subjects and patients with hyper- 
gastrinaemia, it lowers serum gastrin values (Schudsziarra 
1996). Also, expected increases in plasma secretin levels 
induced by duodenal acidification did not occur in the 
five volunteers infused with 500 ^ig/h of somatostatin 
(Hanssen et al 1977). Moreover, plasma motilin levels 
were reduced by 20% in four healthy volunteers receiving 
increasing doses of somatostatin (Peeters et al. 1981). 
Numerous studies in insulin-dependent diabetes and 
healthy volunteers showed a significant decrease in insulin 
and glucagon plasma levels during infusion of therapeutic 
doses of somatostatin (Schudsziarra 1996). Somatostatin 
induces a marked decrease in bile flow and bile acid 
secretion with an increase in bile cholesterol saturation 
(Marteu et al 1989). 

Somatostatin in therapeutic doses reduces splanchnic 
blood flow (Holt & McGregor 1996). Clements et al. 
(1986) demonstrated an additional lowering action of 
somatostatin on variceal pressure in portal hypertension. 
The reduction of splanchnic blood flow resulted in a 
significant lowering of intestinal absorbtion (Wahren & 
Felig 1976). 

Increasing doses of somatostatin infused into eight 
healthy volunteers caused complete inhibition of gastric 
motility, even at the lowest dose of 1.2 pM/kg/min for 
90 min (Peeters et al 1981). 

Somatostatin receptors 

The action of somatostatin is mediated through specific 
receptors that are functionally coupled to inhibition of 
adenylate cyclase via G-proteins (Patel 1999). Five cell 
surface somatostatin receptors have been characterized, 
termed SSTR-1 to SSTR-5 according to the chronology of 
their discovery, and because they all display the structural 
hallmark of the seven transmembrane domain receptor 
(SSTR is the acronym for Somatostatin Seven Transmem- 
brane domain Receptor). 

Human SSTRs (hSSTRs) are encoded by a family of five 
genes which map to separate chromosomes, and which 
with one exception are intronless. SSTR-2 gives rise to 
spliced variants, SSTR-2 A and 2B. hSSTR-1 and 4 display* 
selectivity for SST-14 binding. The larger molecular form 
(somatostatin-28) has a greater binding affinity than 
somatostatin- 14 for SSTR-5. Octreotide, a somatostatin 
analogue currently used, has high binding affinity for the 
SSTR-2 and SSTR-5 receptor subtypes. However, octreo- 
tide has only an intermediate binding affinity for SSTR-3 
(somatostatin- 14) and has little or no affinity for SSTR-1 
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and SSTR-4 subtypes (Panetta et ai 1994). The SSTR 
subtypes present a high degree of sequence identity 
(39-57%). The sequence differences reside in the extra- 
cellular and intracellular domains and are probably 
responsible for their signaUing specificity. Each receptor 
subtype is coupled to multiple intracellular transduction 
pathways via the G-proteins, and all five SSTRs are 
functionally coupled to inhibition of adenylate cyclase 
(Patel & Shrikant 1994; Patel et ai 1995). 

In neuronal cells somatostatin regulates several subsets 
of K"" channels causing hyperpolarization of the plasma 
membrane and leading to decreased Ca^"^ influx through 
voltage-gated Ca^**^ channels, and consequently to a 
reduction of intracellular Ca"^"^. SSTR3 is involved in the 
effect of somatostatin on guinea-pig intestinal smooth 
muscle cell contraction mediated by phospholipase C. 
In the stomach SSTR2 contributes to the inhibition of 
histamine and gastrin release and to the inhibition of 
gastric acid secretion. SSTRl and 2 mediate the inhibition 
of intestinal ionic secretion. SSTRl and 5 may be involved 
in the inhibition of Ca^^ influx and thereby inhibition of 
neurotransmitters and hormones. SSTR3 could be involved 
in gastric and intestinal smooth muscle contraction and 
SSTR5 in the inhibition of colonic muscle cell contraction 
(Benah iz/. 2000). 

In the human GI tract three types of tissues express 
somatostatin receptors: (1) the GI mucosa, (2) the peri- 
pheral nervous system, and (3) the gut-associated lymphoid 
tissue, where the receptors are preferentially located in 
germinal centres. Somatostatin receptors are also expressed 
in pathological states, particularly in neuroendocrine 
tumours of the GI tract (Reubi 1992). However as 
observed for other G protein-coupled receptors, somato- 
statin receptors are sensitive to internalization. SSTRs 1-3 
are internalized in response to somatostatin, whereas 
SSTR4 is not. Phosphorylation of the serine/threonine 
residues at the C-terminal domain of the SSTRs plays 
an important role in the SSTR internalization process 
(Meyerhof 1998). 

Intestinal schistosomiasis 

Schistosomiasis is a parasitic disease caused by infection 
with trematodes belonging to the genus Schistosoma. 
Schistosoma mansoni infections are prevalent in Africa and 
South America. The occurrence of this infection depends 
on warm climates, the presence of, and a suitable 
environmental habitat for, a snail intermediate host of 
the genus Biomphalariay insufficient sanitary conditions 
allowing faecal water contamination and human water 
contact with infected water bodies (WHO Expert Com- 
mittee 1993). 



Adult S. mansoni worms live in the mesenteric veins 
around the human intestines as a couple, the male 
surrounding the female in a gynaecophoric canal. The 
adult female worm produces between 300 and 3000 eggs 
per day. The eggs penetrate the tissues actively by means of 
histolytic enzymes and lodge themselves within the gut 
wall. Egg antigens secreted into the surrounding tissue 
trigger granulomatous, inflammatory responses consisting 
of macrophages, eosinophils and lymphocytes. This 
inflammation is responsible for the intestinal pathology 
associated with this disease. Schistosoma mansoni causes 
both acute and chronic disease with a wide range of 
symptoms. In the acute phase intestinal manifestations like 
abdominal pain, disturbed GI contractility leading to 
diarrhoea, nausea and fever occur. The main impact on 
public health is due to the chronic infection leading to 
severe intestinal involvement resulting in bloody diarrhoea. 
Besides this there is hepatosplenic involvement where 
hepatic fibrosis can lead to portal hypertension and 
oesophageal varices, which in some cases is complicated 
with oesophageal bleeding that may be fatal. But only a 
small proportion of infected patients develop severe and 
terminal schistosomiasis. Therefore it is the intestinal 
involvement of S, mansoni infection that is most important 
in terms of public health (Gryseels 1992). 

Ileal muscle hyperreactivity in S. mansoni infections 

Schistosoma mansoni egg-caused inflammatory reactions 
in the gut epithelium alter GI motility in humans and in 
experimental animal models (Gryseels 1992; Domingo &; 
Warren 1969; Moreels et al 2001). The mouse is a fully 
susceptible host to S, mansoni and can be used to study the 
effects of S. mansoni infection on GI muscle contractility. 
In acute as well as chronic 5. m^zw50w/-induced gut 
inflammation, both structural and functional changes 
occur in the ileum. These changes are characterized by 
increased ileal wall thickness and smooth muscle contrac- 
tility restricted to the inflamed gut segment (Moreels et al. 
2001). During the chronic phase of inflammation the ileal 
muscle contractility is increased irrespective of the con- 
tractile stimulus used, be it via the activation of muscarinic 
receptors on the muscle cells (triggered by acetylcholine), 
or via activation of the enteric nerves [triggered by 
electrical field stimulation (EPS)]. 

It is speculated that the effect of S. mansoni infection on 
the smooth muscle function might be indirect through 
alterations of the myenteric plexus, but both morphologi- 
cal and functional alterations of the longitudinal smooth 
muscle layer lead to GI motor dysfunction in the infected 
host. The role of the myenteric plexus in the schistosomi- 
asis-induced alterations of GI motility remains an enigma. 
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As the increased muscle contractility does not depend on 
the type of the contractile stimulus, it is possible that this 
overall hypercontractility disturbs the integrated propul- 
sive activity of the normal gut, leading to a dysfunction of 
peristalsis and GI transit (Domingo & Warren 1969). 

Neuronal dysfunction 

Schistosoma-mtdxzXcd inflammation of the GI tract 
involves the enteric nervous system. Morphological alter- 
ations of the myenteric plexus have been described (Varilek 
et al. 1991), and myenteric plexus destruction is said to 
lead to an increase in intestinal muscle thickness 
(Hadzijahic et al. 1993). Enteric nerves may play a role in 
the initiation and maintenance of intestinal inflammation 
but in a later-stage inflammation may also alter the normal 
function of enteric nerves (Aube et al. 1996). Patients with 
inflammatory bowel disease show nerve fibre hypertrophy 
and architectural alterations in the nerve plexuses and 
nerve cell bodies in the enteric nervous system. Animal 
studies demonstrated alterations of sympathetic and para- 
sympathetic nerve function during acute jejunal inflam- 
mation (Collins et al. 1989) and during chronic intestinal 
inflammation (Venkova et al. 2000),' suggesting that in- 
flammation of the GI tract may lead to a functional 
reorganization of intrinsic and extrinsic neuronal function. 
The underlying mechanisms of such a reorganization 
remain to be elucidated. 

In the GI tract, acetylcholine is the primary neural 
regulator of GI motility, and modulation of cholinergic 
nerve activity directly affects intestinal smooth muscle 
contractility (Burks 1994). It is known that cholinergic 
nerves in the enteric nervous system contain a variety of 
pre-junctional receptors. Activation of these receptors may 
inhibit or facilitate the release of acetylcholine (Wood 
1994). In normal physiological conditions this allows a fine 
tune of acetylcholine release. The pre~synaptic modulation 
of neurotransmitter release is an important mechanism that 
directly modulates intestinal motility. But in pathological 
conditions inflammatory mediators (e.g. histamine) may 
act on neuronal receptors and disrupt the normal modu- 
lation of enteric cholinergic nerve activity. Such inter- 
actions between inflammatory mediators and enteric 
cholinergic nerves may contribute to the motility disturb- 
ances that are observed during chronic inflammatory 
diseases of the intestine. 

In chronically inflamed ileum of S. mansoni infected 
mice, there is a hyperreactivity of nicotinic receptors. 
Enhanced sensitivity of neuronal nicotinic receptors during 
schistosomiasis may directly alter normal motility patterns. 
Neurotransmitters modulate their own release by activa- 
tion of autoreceptors that are located on the nerve 



terminals. In the intestine, nicotinic receptors are thought 
to be located on the cell stroma and dendrites of the 
neurones in the myenteric plexus (Torocsik et al. 1991). 
There is, however, recent evidence that nicotinic receptors 
are also located at the nerve terminal (GaUigan 1999), 
where they may be involved in presynaptic modulation of 
neurotransmitter release (Schneider et al. 2000). Therefore 
a hyper-reactivity of nicotinic receptors during chronic 
inflammation induced by schistosomiasis may result in an 
enhanced activity of cholinergic nerves and disturb normal 
GI motility. 

Somatostatin and intestinal schistosomiasis 

During acute as well as chronic intestinal schistosomiasis, 
pathological conditions involve disturbed intestinal motil- 
ity and pain. In animal model studies this disturbed 
motility is found to occur due to hyperreactive GI muscle 
contractility. Based on the knowledge we have now on 
human physiology and the pathology of acute and chronic 
intestinal schistosomiasis, one is prompted to ask whether 
somatostatin is a possible therapeutic agent for the 
treatment of motility disturbances during schistosomiasis. 
This question can be addressed taking into consideration 
the nature and behaviour of somatostatin receptors in 
normal as compared with pathological conditions. 

Somatostatin receptors in normal conditions 

Takeda et al. (1989) observed that somatostatin induced 
both a stimulatory as well as an inhibitory effect on 
cholinergic neurones of the guinea-pig ileum. SSTR3 and 
SSTR5 receptors located on the cholinergic nerves (Feniuk 
et al 1993) mediate this inhibition. However, somatostatin 
may also activate SSTR3 receptors on the intestinal smooth 
muscle cells (Murthy et al 1996). 

In an attempt to correlate the various effects of somato- 
statin in GI pathology to individual SSTR subtypes, 
mRNAs have been localized by semiquantitative RTPCR 
amplification and in situ hybridization of SSTRl and 3 in 
the rat GI tract. SSTRl -4 mRNAs were found throughout 
the GI tract, SSTRl mRNA being more abundant than 
SSTR2 and much more abundant than SSTR3 and SSTR4 
mRNAs. SSTR5 transcripts were at the threshold level. 
SSTRl and 3 mRNAs are present in enterocytes and enteric 
neurones, suggesting a role of these subtypes in the 
somatostatin-mediated inhibition of acetylcholine release 
from the myenteric neurones. The presence of SSTR3 
mRNA in smooth muscle cells points to an additional role 
of this receptor in regulating gut motility (Schafer & 
Meyerhof 1999). In the human GI tract the immunohisto- 
chemical detection of SSTR2a receptors showed the pres- 
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ence of specific receptor protein in the GI lymphatic and 
nervous components, but not in the GI circular and 
longitudinal smooth muscle (Reubi et al. 1999). 

Somatostatin receptors during schistosomiasis 

During Schistosoma infection, somatostatin receptor 
SSTR2 is expressed by inflammatory cells and directly 
regulates T cell IFN-gamma release. EUiott et al (1999) 
have located the source of somatostatin in 5. mansoni- 
infected mice. The granulomas surrounding the parasite 
egg in the liver and intestinal epithelium produce somato- 
statin. The SSTR2 receptor subtype is expressed on the 
surface of inflammatory T cells; they specifically bind 
somatostatin which down regulates IFN-gamma produc- 
tion by these cells. This finding has created a basis to 
delineate the immunomodulatory role of somatostatin in 
schistosomiasis. 

Therapeutic effect of somatostatin during schistosomiasis 

In recent years somatostatin is reported to demonstrate 
therapeutic effects in S. wansow/'-infected mice. Somato- 
statin induced a reduction in the degree of hepatic fibrosis, 
portal pressure, weight of the spleen and liver, the liver egg 
load and granuloma size and cellularity (Mansy et aL 
1998). Addition of this neuropeptide also inhibits alpha 
smooth muscle actin production by activated hepatic 
stellate cells (Reynaert et aL 1999; unpublished data). 
These reports strengthen the feasibility of using somato- 
statin for therapeutic purposes in schistosomiasis. 

In view of the somatostatin ligand-receptor interaction 
during schistosomiasis, the hypothesis has been generated 
that schistosomiasis and the associated inflammatory 
response could cause an up-regulation of somatostatin 
receptors in the GI tract. If this were so, exogenously 
administered somatostatin would reduce the muscular 
hyperreactivity associated with the inflammation, and 
thereby overcome GI motility disturbances during schisto- 
somiasis. A lead in this direction could pave the way for the 
efficacious use of somatostatin for relief from disturbed GI 
motility and pain. 

In this context, research is ongoing to study the effects of 
somatostatin on EFS-triggered GI muscle contractility in 
5. m^wsom-infected mice, using organ bath experiments 
(J.G. De Man, unpublished data). The effect of somatost- 
atin on EFS-triggered muscle contractility is, in fact, 
marked in normal mice; but in chronic S. mansoni-'m(ected 
mice there is a loss of the inhibitory effect of somatostatin 
concentrations on EFS-mediated ileal muscle contractility. 
We know of the presence of somatostatin in the inflam- 
matory cells of the granulomas in 5. mansoni-'miectGd mice 
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Figure I Intestinal Schistosoma mansoni infections may cause a 
desensitization of SSTRs on the cholinergic nerves of the inflamed 
ileum; however, lead to an upregulation of SSTRs on the 
inflammatory cells surrounding the intestinal granulomas. This 
implies no possible therapeutic effect of exogenously administered 
somatostatin on the cholinergic nerves but points to a positive 
therapeutic effect on the inflammatory cells. 

(Elliott et al. 1999). This accumulation of endogenous 
somatostatin in and around the ileal mucosa and muscle 
layers may have led to receptor desensitization (Figure 1). 

Target cells exposed to a ligand for a prolonged period 
of time often lose the ability to respond to that ligand 
(Kahn &: Roth 1975; Raff 1976; Lefkowitz 1978). This 
adaptation or desensitization makes cells sensitive to 
changes in the concentration of a chemical signal rather 
than to the absolute concentration of the signal. Desensi- 
tization can occur from a decrease in the number of specific 
cell-surface receptor proteins or from the inactivation of 
such receptors; in other cases, it is due to changes in the 
proteins involved in transducing the signal following 
receptor activation. 

In the case of somatostatin there is some evidence of 
target cell desensitization. Somatostatin receptor desensi; 
tization was reported to occur rapidly after addition of 
somatostatin analogues in the guinea-pig ileum (Feniuk 
et al. 1993), After somatostatin has bound to receptors on 
the surface of target cells, they are often ingested by 
receptor-mediated endocytosis. As endocytic vesicles gen- 
erally deliver their contents to lysosomes, the ligand and 
often the receptor to which it is bound is degraded by 
hydrolytic enzymes. This process not only represents a 
major pathway for the breakdown of some signalling 
ligands, it also plays an important part in regulating the 
concentration of certain receptor proteins on the surface of 
target cells. Although receptor degradation and replace- 
ment takes place continuously, in the absence of the ligand 
a receptor usually has a half-life of a day or so. By inducing 
endocytosis, some ligands markedly increase the rate of 
receptor degradation so that at high ligand concentrations 
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the number of cell surface receptors gradually decreases. 
The result is a concomitant decrease in the sensitivity of the 
target cell to the ligand. This type of target cell desensi- 
tization is called receptor down-regulation (Kahn 8c Roth 
1975; Raff 1976; Lefkowitz 1978). 

Koenig & Edwardson (1997) have reported the endo- 
cytosis of somatostatin receptors. SSTR2A and SSTR3 
internalize rapidly and efficiently (Nouel et al. 1997), 
whereas SSTR4 does not internalize (Kreienkamp et aL 
1998), and a combination of recycling and recruitment of 
spare receptors protects SSTR5 from long-term down 
regulation (Stroh et al. 2000). 

Conclusion 

The exact mechanism whereby somatostatin loses its 
inhibitory effect on cholinergic nerve activity during 
5. mansoni infection remains to be investigated (Figure 1). 
The desensitization of somatostatin receptors on the 
cholinergic neurones could result in their diminished 
activity to exogenous somatostatin. This absence of effect 
of somato- statin on neurogenic function does not imply 
that exogenously added somatostatin would be ineffective 
on the inflammatory cells surrounding the granulomas. 
Somatostatin would prevent the degranulation of inflam- 
matory mast cells, thereby preventing the release of 
histamine and other inflammatory mediators known to 
cause GI motility disturbances. As SSTRs are up-regulated 
on the inflammatory cells, somatostatin may inhibit the 
inflammatory response and (indirectly) normalize GI 
function. Exogenously added somatostatin will not fur- 
ther disturb GI motility as the SSTRs on the enteric nerves 
are apparently desensitized. This review suggests that 
somatostatin could be an effective therapeutic agent for 
intestinal schistosomiasis. This phenomenon may be 
: specific-for-schistosomiasis and poses new debates in this 
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